Abstract: Poly(propylene carbonate) (PPC) is a new biodegradable aliphatic polycarbonate with poor thermal stability and mechanical properties which shows difficulty in forming film by melt-extrusion technology. Through the addition of polystyrene (PS), the melt-extrusion film processability, thermal stability and mechanical properties of PPC was improved largely. PPC/PS films were prepared in the the melt-extrusion process successfully. DSC data showed that there was some degree of miscibility between PPC and PS. SEM showed good dispersion of PS particles into PPC matrix. Improved mechanical properties and thermal stability of PPC/PS blends were attributed to homogeneous dispersing and stronger interfacial interaction of PS and PPC. These results indicate that blending PPC with PS is an efficient and convenient method to improve the properties of PPC, and the composites can be used as a common packaging material for a wide range of applications.
Introduction
Biodegradable polymers, which could allow degradation under the natural environment, have gained considerable interest due to the urgent need for the development of green materials [1] . Carbon dioxide (CO 2 ) is considered the greenhouse gas most responsible for global warming, which may result in climate change [2] . In fact, CO 2 is the cheapest and most abundant raw material source of carbon compared with the fossil fuels [3] . Poly(propylene carbonate) (PPC) as shown in Scheme 1 is a biodegradable copolymer of propylene oxide and carbon dioxide [4] . Currently, PPC with number average molecular weight (M n ) over 50,000 can be obtained [5] [6] [7] [8] , which has the potential to be used as food and medical packaging materials to alternate conventional non-degradable synthetic polymers [9, 10] in the application scopes of one-off materials. However the poor film processability, thermal stability and mechanical strength of PPC have limited its application [11] .
Many efforts have been devoted to improve the property of PPC in previous works [12] for foamed plastics, medical biodegradable materials and polyurethane materials, etc. For the fore mentioned purpose, one potential method is to blend PPC with other thermoplastics and fillers. Studies have been performed on the blending of PPC with other components in previous work [13] . The 10,000 tons PPC line of China BlueChemical Ltd commissioned recently, and the joint laboratory of HaiNan University and China BlueChemical Ltd devotes to the study of films of PPC which could be used for packaging materials to solve the problem of white pollution.
1-x n Scheme 1. Structure of poly(propylene carbonate), where x is over 0.95.
Polystyrene (PS) is a most common commercial plastics which has high mechanical properties, good melt strength and high thermal stability. In this work, PPC was blended with PS in different weight ratios in order to obtain an appropriate blend with improved blowing film processability, better mechanical and thermal properties than PPC alone for packaging film. PPC/PS blends films were prepared in the meltextrusion process. Physical properties of the blends were assessed by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), tensile testing, scanning electron microscopy (SEM), etc.
Results and discussion

DSC analysis
In general, thermal characterization of polymer blends is a well-known method for determining the miscibility of polymer blends. The miscibility between any two polymers in the amorphous state is detected by the presence of a single glass transition temperature (T g ) intermediate between those of the two component polymers [14] . So it is important to determine the T g behavior of PPC/PS blends. The DSC traces of PPC, PS and the bends are shown in Fig. 1 . The neat PPC and PS exhibit the T g at 20 o C and 98 o C, respectively. With the addition of PS, there are two T g shown in the spectrum of PPC/PS20-40% composites. One is close to the T g of PPC, the other is close to the T g of PS, and with the increasing contents of PS, the T g of PPC rich blends moved higher compared to the peaks of neat PPC. This indicates that there are some degrees of miscibility between PPC and PS, and with the introduction of PS, the service temperature of PPC/PS blend films improved dramatically.
TGA analysis
PPC showed low thermal stability. Dong et al [15] reported that PPC is easily decomposed to cyclic carbonate at a temperature of only about 180 o C. Fig. 2 and Fig. 3 show the thermogravimetric analysis (TGA) and differential thermal analysis (DTG) of PPC, PS and PPC/PS blends with different mixing ratio. The TGA analysis data is summarized in Table. 1. Here, the T -5% represents the onset temperature of thermal degradation when 5% weight lost, while T -50% is the temperature regarded as the midpoint of the degradation process when 50 wt% degradation occurred, T max is the fastest thermal decomposition temperature. o C higher than that of PPC. There are two stages of weight loss in the thermogravimetric analysis of the blends. T max of the blends in the higher temperature are similar to that of PS, it is means that the thermal stability of PS was not decreased by blending with PPC. T max of PPC in the blends was much higher than that of neat PPC. It means that the thermal stability of PPC was increased by blending with PS. Compared with neat PPC, the thermal stability of PPC/PS composites is largely improved, as shown in Fig. 2 . T -5% of the PPC/PS blends increased from 112.9 o C to 224.5 o C as the concentration of PS increased from 0% to 30%, and T -50% of the PPC/PS blends increased from 172.2 o C to 259 o C as the concentration of PS increased from 0% to 40%. As shown in Table. 2, the PPC/PS composites show an obviously higher thermal stability than neat PPC; this demonstrated that the thermal stability of PPC was improved dramatically by the introduction of PS.
Tab. 1.
Microscopy
The morphology of polymer composites is a very important characteristic because it ultimately determines many properties of the polymer composites, such as mechanical properties [16] . The morphology of PPC/PS composites is shown in Fig.  4a-d , respectively.
In most cases, the dominant phase of the blends forms the continuous phase, whereas the minor components constitute the dispersed phase [17] . As shown in the Fig. 4 , PS became dispersed particles, and PPC was continuous in the blends. It presented the island structure as a whole. Fig. 4a-b presents the surface of the PPC/PS10% and PPC/PS20% blends and shows that the dispersed particles are smaller (particle size=1-10 µm). With increasing the content of PS, the size of dispersed particles of PPC/PS30% and PPC/PS40% became larger, and even slight aggregations of PS particles was observed in PPC matrix, as shown as Fig. 4c-d . 
Mechanical properties
In this work, the tensile strength and elongation at break as representative mechanical properties were measured for the PPC/PS composites with PS content from 0 to 40 wt%. The tensile strength and elongation at break of pure PPC and PPC/PS composites are shown in Fig. 5 , and the data of mechanical analysis are summarized in Table 2 respectively. PS was rigid with high tensile strength and poor elongation at break, while PPC had low tensile strength and favourable elongation at break. Table 3 shows that the tensile strength of PPC/PS composites increases from 4.7 MPa for pure PPC to 13.8 MPa for PPC/PS40% which is about three times higher than that of pure PPC film, while the elongation at break decreases from 740.4% for pure PPC to 82.9% for PPC/PS40%. This indicates that addition of a moderate amount of PS has noticeable effect on the tensile strength of PPC; however, the excess PS addition leads to the decrease of elongation at break.
In general, the mechanical properties of polymer blends are highly dependent on the morphology as well as interfacial adhesion [18, 19] . The reinforcement of PPC blend films may be explained by analyzing the morphology of PPC/PS blends. Fig. 4 shows that PPC clearly forms a continuous phase while PS forms dispersed phase with particle size of several micro-meters to ten micro-meters. The good interface behave and succeed to initiate at the interface, which leads to PS particles disperse regularly into PPC matrix. As a result, the introduction of PS improves the tensile properties of PPC. 
Film of PPC/PS blends
Films of PPC/PS30% blends were prepared successfully though melt-extrusion process as shown in Fig. 6 . Because of weak thermal stability and melt strength, Neat PPC is difficult to cast film. Addition of PS increases the melt strength of PPC, and then improves the tape casting processability of PPC. The main processing temperature was set at 155 o C for the following reason: if processing temperature is higher than 155 o C, PPC will degrade rapidly. In contrary, processing temperature lower than 155 o C will result in blends melting incompletely. The resulting blend film is a kind of translucent film with 30-50 µm of thickness. The film has a potentially wide range of applications, such as biodegradable packing materials and shopping bags, etc.
However, lower miscibility of PPC and PS led the blend films opaque; the following work of our lab is to improve the miscibility of PPC/PS though blending compatibility technology. As a result, transparent film will be expected to obtain.
Conclusions
The DSC traces of PPC/PS blends showed that both of T g peaks of PPC/PS blends moved closely compared to the peaks of neat PPC and neat PS. The SEM photographs showed that morphology structure of PPC/PS blends presents island structure as a whole, and the particles dispersed in continuous phase regularly. The tensile strength of PPC/PS blends increases from 4.7MPa for pure PPC to 13.8 MPa for PPC/PS40%. TGA analysis shows that T -5% of the PPC/PS blends increased from 112.9 o C to 224.5 o C and T -50% of the PPC/PS blends increased from 172.2 o C to 259 o C as the concentration of PS increased from 0% to 40%. The fastest thermal decomposition temperatures improved after the addition of PS, and about 45-90 o C higher than that of PPC. As a result, better processability, higher mechanical properties and thermal stability of PPC/PS films have been obtained.
Experimental part
Materials
PPC was obtained from China BlueChemical Ltd. Its molecular weight measured by GPC was 70,000 and M w /M n = 3.2. PS was obtained from Taiwan Qimei Company (Taiwan, China). Its molecular weight measured by GPC was 100,000.
Preparation of the blends and films
PPC and PS were dried at 50 o C for 10 h to eliminate the moisture. PPC and PS were mixed (3000 rpm, 2 min) by using of High Speed Mixer GH-100Y (made in china). Table 3 shows the compositions of PPC and PS (wt/wt). Compositions of PPC and PS were melt-blended at 155 o C for 5 min using an internal mixer LH60 (Shanghai Kechuang Plastic Machinery Factory, china) at screw speed of 40 rpm. PPC/PS blends with different PS contents were subjected to extrusion-hot stretching at 160 o C. 
Thermogravimetric analysis (TGA and DSC)
The thermal properties of the blends were measured with a ZTY-ZP type thermal analyzer. The sample weight varied from 10 to 15 mg. Samples were heated from the room temperature to 500 o C at a heating rate of 15 o C /min.
Differential scanning calorimetry (DSC) was performed on a SETARAM DSC92 differential scanning calorimeter under a nitrogen atmosphere to measure the glass transition temperatures of the samples and evaluate the miscibility of PPC/PS blends. The samples were heated from room temperatures to 150 o C at a heating rate of 20 o C/min. After being kept at 150 o C for 2 min, the samples were rapidly quenched to -30 o C and then heated to 150 o C at a rate of 10 o C /min.
Mechanical properties
The mechanical properties of the films were evaluated by the tensile test at 25 o C. Samples were cut to 8 × 2 cm -1 before testing. The thickness of each sample was measured at six different points with a micrometer and the average was taken. Samples were then drawn with an Instron Model 5566 tensile tester at a stretching speed of 50 mm/min. The results presented are the mean values of six independent measurements.
